The association of Zika virus (ZIKV) infections with microcephaly has resulted in an ongoing public-health emergency. Here we report the crystal structure of a C-terminal fragment of ZIKV nonstructural protein 1 (NS1), a major host-interaction molecule that functions in flaviviral replication, pathogenesis and immune evasion. Comparison with West Nile and dengue virus NS1 structures reveals conserved features but diverse electrostatic characteristics at host-interaction interfaces, thus possibly implying different modes of flavivirus pathogenesis.
The association of Zika virus (ZIKV) infections with microcephaly has resulted in an ongoing public-health emergency. Here we report the crystal structure of a C-terminal fragment of ZIKV nonstructural protein 1 (NS1), a major host-interaction molecule that functions in flaviviral replication, pathogenesis and immune evasion. Comparison with West Nile and dengue virus NS1 structures reveals conserved features but diverse electrostatic characteristics at host-interaction interfaces, thus possibly implying different modes of flavivirus pathogenesis.
ZIKV, a Flaviviridae family member transmitted to humans by mosquitoes of the genus Aedes, was first isolated in Africa in 1947 (ref. 1) and has been found to commonly circulate in tropical regions in Africa and Asia 2 . After a large Zika outbreak in French Polynesia from 2013 to 2014, the virus was able to emerge into new territories of the American continent 3 , and it has been found circulating in 26 countries and territories in South America and the Caribbean 4 . Before this outbreak, research on ZIKV pathogenesis was largely neglected because infected individuals are often asymptomatic or have mild symptoms. However there is now growing evidence that ZIKV infections may be linked to fetal and newborn microcephaly and serious neurological complications, such as Guillain-Barré syndrome 4 . ZIKV has been detected in the amniotic fluid of pregnant women whose fetuses had microcephaly syndrome and has also been detected in microcephalic fetal brain tissues 5, 6 . Moreover, ZIKV infects human cortical neural progenitor cells and attenuates their growth 7 . Another matter of concern is that ZIKV may also be transmitted by sexual activity, and high viral loads have been detected in semen from infected patients 8 . To date, no clinically approved vaccines or therapeutics are available to prevent and control ZIKV infection. Given this urgent situation, great efforts are needed to develop new vaccines and antiviral therapeutics; to do so, a comprehensive understanding of the pathogenesis and molecular basis of ZIKV infection is required.
As a member of the Flaviviridae family, ZIKV has a single positive sense RNA genome, which is initially translated as a single polyprotein which is then cleaved post-translationally into three structural proteins (C, PrM or M, and E) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). Six of the NS proteins (NS2A to NS5) form a replication complex on the cytoplasmic side of the endoplasmic reticulum membrane. The glycosylated NS1, which associates with lipids, forms a homodimer inside the cells and is necessary for viral replication and late in infection 9 . NS1 is also secreted into the extracellular space as a hexameric lipoprotein particle 9 , which is involved in immune evasion and pathogenesis by interacting with components from both the innate and adaptive immune systems, as well as other host factors 10, 11 . NS1 is the major antigenic marker for viral infection 12 , and it has been suggested, in combination with other markers, as a biomarker for early detection of dengue virus (DENV) infection 13 . The molecular mechanisms of NS1 are relatively well established for DENV and West Nile virus (WNV) 14, 15 , and the NS1-encoding sequence is suspected to be a major genetic factor underlying the diverse clinical consequences of infections caused by flaviviruses (over 70 members) 16, 17 . However, little is known about the NS1 of ZIKV, which displays different pathogenesis from that of typical flaviviruses.
To address this lack of information, we expressed the ZIKV NS1 172-352 fragment of the BeH819015 strain isolated from Brazil in 2015 in Table 1 ). The ZIKV NS1 172-352 protein crystallized as a rod-like homodimer with a length of ~9 nm (Fig. 1a) . Sedimentation velocity analytical ultracentrifugation analyses confirmed that the ZIKV NS1 172-352 protein exists as a homodimer (~40 kDa) in solution ( Supplementary Fig. 1 ).
The ZIKV NS1 172-352 homodimer structure has a continuous β-sheet on one surface, with 20 β-strands arranged like the rungs of a ladder (Fig. 1a) , in which each monomer contributes ten rungs to the antiparallel β-ladder. On the opposite side of the homodimer, an irregular surface is formed by a complex arrangement of loop structures (Fig. 1a) . Most of those interstrand loops are short, except for a long 'spaghetti loop' between β4 and β5 that lacks secondary structure (Fig. 1a,b) . A potential N-linked glycosylation site that is highly conserved in the Flaviviridae family is located in the β3-β4 loop (Fig. 1b) .
We built a phylogenetic tree by using the ZIKV NS1 protein sequence and those of ten other flaviviruses-WNV, DENV types 1 to 4 (DENV1-4), Japanese encephalitis virus (JEV), St. Louis encephalitis virus (SLEV), yellow fever virus (YFV), Murray Valley encephalitis virus (MVEV) and tick-borne encephalitis virus (TBEV) (Supplementary Fig. 2 ). This analysis revealed that these flaviviruses can be classified into four groups on the basis of their NS1 sequences: the DENV group (DENV1-4), the WNV group (WNV, JEV, SLEV and MVEV), the YFV group (YFV and TBEV) and an independent ZIKV group. This result suggests that different flaviviruses may have group-specific NS1 characteristics and that the ZIKV NS1 may have properties that are unique among the four groups.
We compared the ZIKV NS1 172-352 structure with the available NS1 structures of DENV1, DENV2 and WNV (Fig. 2) . ZIKV NS1 172-352 is structurally similar to the aforementioned NS1 structures (Fig. 2a) , despite having protein sequence identities in the range of 53-56%. Interestingly, the electrostatic surface potential maps of these proteins show several group-specific features in the loop surface (Fig. 2b) . The DENV1 and DENV2 NS1 structures both display a positively charged surface in the central regions of their loop surfaces, whereas the WNV NS1 structure has a negatively charged central region in its loop surface. For ZIKV, the loop surface exhibits a composite platform containing both a positively and negatively charged central region and a negative charge toward the two distal ends.
The similarities between the NS1 structures of ZIKV and DENV2 allowed us to create a ZIKV NS1 hexamer model (Supplementary Data Set 1) based on the DENV2 NS1 hexamer structure (PDB 4O6B) 14 . The ZIKV NS1 model shows a hexameric arrangement of three dimers forming a symmetric barrel shape (Fig. 3a) . In the center of the barrel, a hydrophobic hole could easily accommodate host lipids to form a complex lipoprotein. In this model, the loop surface of NS1 172-352 is fully exposed, facing outward, while the β-ladder surface faces inward (Fig. 3b) .
The loop surface has been suggested to play a crucial role in interactions of secreted NS1 hexamers with host factors and antibodies 15, 18 . Furthermore, antibodies to DENV NS1 have been implicated in immune pathogenesis 16, 19 , and epitopes of antibodies with crossreactivity to human proteins have been mapped to the conserved tip (residues 311-330) of NS1 (Supplementary Fig. 3 ). Within this conserved tip, ZIKV NS1 has a negatively charged residue Glu315, which is not present in our sequence alignment with ten other flaviviruses (Supplementary Fig. 3 ). In summary, our study describes the crystal structure of a C-terminal fragment of ZIKV NS1. Despite having high structural similarity with other flavivirus NS1 proteins, ZIKV NS1 displays a loopsurface interface with divergent electrostatic potential that may result in altered binding properties to host factors and to known protective antibodies to flavivirus NS1; this possibility should be further studied in the near future. Eliciting such antibodies is considered to be an attractive approach in vaccine development, because they would circumvent the enhancement of infection associated with antienvelope antibodies in DENV 13 . The unique surface electrostatic potentials in the three known flavivirus NS1 structures (for DENV, WNV and ZIKV) provide a new direction for future studies of more NS1 structures of flavivirus members with diverse clinical outcomes. The unique surface characteristics of ZIKV NS1 may be exploited in the development of new diagnostic tools for ZIKV infection. These future studies may elucidate a clearer scenario of the role that NS1 plays in flavivirus pathogenesis.
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Methods and any associated references are available in the online version of the paper. 
oNLINe MeTHodS
Gene cloning, protein expression and purification. Coding-sequenceoptimized synthetic DNA encoding the ZIKV NS1 C-terminal region (amino acids 172-352, GenBank AMA12085) was cloned into the pET-21a vector (Novagen) with NdeI and XhoI restriction sites and was transformed into Escherichia coli strain BL21(DE3) for protein expression. The inclusion bodies of recombinant proteins were purified and then refolded as previously described, by gradual dilution of the inclusion bodies in a refolding buffer (100 mM Tris-HCl, 2 mM EDTA, 400 mM l-arginine, 0.5 mM oxidized glutathione and 5 mM reduced glutathione, pH 8.0) at 4 °C. The refolded protein was concentrated and purified by gel-filtration chromatography in a buffer containing 20 mM Tris-HCl and 50 mM NaCl, pH 8.0, on a HiLoad 16/60 Superdex 200 PG column (GE Healthcare) and then was further purified by ion-exchange chromatography with a 6-ml RESOURCE Q column (GE Healthcare). For crystallization, the proteins were further purified by gel-filtration chromatography with a Superdex 75 10/300 GL column (GE Healthcare) with a running buffer of 20 mM Tris-HCl and 50 mM NaCl, pH 8.0, and the collected protein fractions were concentrated to 10 mg/mL with a membrane concentrator with a molecularweight cutoff of 10 kDa (Millipore).
Crystallization, data collection and structure determination. The initial screening trials were set up with commercial crystallization kits (Molecular Dimensions) with the sitting-drop vapor-diffusion method. Typically, 1 µL protein (5 or 10 mg/mL in 20 mM Tris, pH 8.0, and 50 mM NaCl) was mixed with 1 µL reservoir solution. The ZIKV NS1 172-352 structure was solved by the molecular replacement method with Phaser 21 from the CCP4 program suite 22 , with the structure of DENV2 NS1 172-352 (PDB 4OIG) as the search model. Initial restrained rigid-body refinement and manual model building were performed with REFMAC5 (ref. 23) and COOT 24 , respectively. Further refinement was performed with Phenix 25 . In the final Ramachandran plot, 93.43% and 99.43% of residues were in the favored and allowed regions, respectively. The final statistics for data collection and structure refinement are shown in Supplementary Table 1. Modeling of ZIKV NS1 hexamer. The structural model of ZIKV NS1 was built with the SWISS-MODEL online server (http://www.swissmodel.expasy. org/). The crystal structure of DENV2 NS1 (PDB 4O6B) was used as a template to build the model. The hexamer structural model of ZIKV NS1 was constructed by superimposing the ZIKV NS1 1-171 model and the ZIKV NS1 172-352 crystal structure with the DENV2 NS1 hexamer structure (PDB 4O6B). The coordinate file for this model is provided as Supplementary Data Set 1.
Biochemical characterization of the protein. The purified protein was analyzed with an analytical gel-filtration assay with a calibrated Superdex 75 10/300 GL column (GE Healthcare). The samples were further analyzed with SDS-PAGE.
The analytical ultracentrifugation assay was performed according to a previously reported method 26 . The proteins were prepared in 20 mM Tris, pH 8.0, and 50 mM NaCl at a concentration of A 280 = 0.8. The assay was performed on an optimal XL-I analytical ultracentrifuge (Beckman Coulter) at a speed of 60,000 r.p.m.
